Abatement of methane from mine ventilation air (MVA) is a significant challenge faced by coal mining industry. A promising method for methane capture from gas mixture is clathrate hydrate formation. In search of suitable and costeffective low-dosage promoters for hydrate-based methane capture processes, this paper reports the pressure requirement for the hydrate formation of simulated MVA (0.5 vol% CH 4 + 99.5 vol% air) and its potential for methane extraction, in the presence of tri-n-butyl phosphine oxide (TBPO) or tetra-n-butyl ammonium bromide (TBAB) at three different initial loadings (5 wt%, 15 wt%, and 26 wt%). An isochoric equilibrium step-heating pressure search method was used to measure the hydrate phase equilibrium conditions at the temperature range of (277.61 to 295.54) K and pressure range of (0.23 to 19.11) MPa. It was found that at a given initial loading, TBPO was largely more effective than TBAB in reducing the pressure requirement for hydrate formation of MVA. At a given temperature, the equilibrium pressures of the clathrate hydrates were indifferent to the change in the initial loading of TBPO from 5 wt% to 26 wt%, in contrast to those of TBAB. Gas composition analysis by gas chromatography confirmed that CH 4 could be significantly enriched in the ionic clathrate hydrates, and the highest methane enrichment ratio obtained in the present work was 300%, with TBPO at initial loading of 5 wt%. At this relatively low loading, within a given period of 5 hours, TBPO also led to higher gas uptake compared with TBAB. The advantages of TBPO as a promoter of MVA hydrate were discussed.
Introduction
Abatement of methane in mine ventilation air (MVA) is a significant challenge faced by coal mining industry. Methane as a greenhouse gas is approximately twentyone times worse than carbon dioxide, so the removal of the methane from mine ventilation air has dual benefits of energy recovery and greenhouse gas mitigation [1] .
There are three main sources of methane emissions from coal mining operations: a) mine ventilation air (0.1 -1 % CH 4 ), b) gas drained from the seam before mining (60-95% CH 4 ), and c) gas drained from worked areas of the mine (30 -95% CH 4 ) [2, 3] .
Coal mine drainage methane with a high concentration of methane is easy to either flare or to utilize in a similar way to natural gas, whereas utilization of methane from mine ventilation air is hampered by low and fluctuating methane concentration, large gas flow rate, and lack of pipeline infrastructure, and a satisfactory methane enrichment solution has not yet been found. There is a pressing need for concentrating methane from low levels up to requirements of lean-burn methane utilization technologies, typically at least 0.8% -1.6%.
Conventional methane capture methods include solvent adsorption, temperature swing adsorption, pressure swing adsorption, cryogenic separation and membrane separation. But these methods are not effective and have various problems such as constraints to scale-up, high maintenance cost, and intolerance to water vapour and particulate contaminations. Some sorbents such as liquid solvents and nanoporous zeolites have been explored for their effectiveness in dilute and medium concentration methane capture explored [4] . An unconventional alternative is use of structured fluid absorbents such as gas hydrates.
Gas hydrates are ice-like crystalline substances, which are made of water molecules acting as the cage forming host and other gas molecules as the captured guest species [5] . Clathrate hydrate-based gas separation has been proved to be a promising method for carbon dioxide or methane capture from gas mixture [5] [6] [7] . It involves making carbon dioxide or methane into hydrate (solid phase) and keeping air or other gas molecules in gaseous form, thereby enabling gas separation. That equilibrium formation pressure of CH 4 hydrate is much lower than that of N 2 and O 2 hydrates at the same temperature also implies that CH 4 in the CH 4 -N 2 -O 2 gas mixture might enter the hydrate phase preferentially and thus be captured.
Gas hydrate formation usually requires high pressure. Energy requirement for the compression of ventilation air would be high if no thermodynamic promoters are used to reduce the pressure requirement for hydrate crystallization. Some chemicals such as tetrahydrofuran (THF) and cyclopentane (CP) are capable of reducing the hydrate phase equilibrium pressure and have been extensively investigated [8] [9] [10] , but the high volatility of these chemicals is undesirable for large-scale use. A group of nonvolatile additives, known as semi-clathrate hydrate (SCH) formers or ionic hydrate formers, can lead to lower pressure requirement than THF and CP [11] . The structure of these SCH crystalline solids is featured by the water-anion-framework containing large cavities [12] such as tetrakaidecahedral (5 12 6 2 ), pentakaidecahedral (5 12 6 3 ), hexakaidecahedral (5 12 6 4 ), encaging the alkyl chains of the cations with the interpolation of empty dodecahedral cavities (5 12 ) containing small gas molecules such as hydrogen, methane, and carbon dioxide [11, 13, 14] . Shimada et al. [15] and Kamata et al. [16] investigated TBAB and Alekseev et al. [17] reported the crystal structure of tri-n-butyl phosphine oxide (TBPO) that is different from that of TBAB.
All these findings showed that unoccupied cages in SCH could trap suitably sized molecules and thus can be used as a vehicle for storing and separating gases. SCHs have drawn increasing interest for their potential applications in gas storage [18] [19] and gas separation [20, 21] . Several studies of this kind have addressed coal methane gas with relatively high original methane concentrations (e.g., close to or over 30 mol%) [22] [23] [24] . For lean methane-containing gas streams such as MVA, Adamova et al. [25] used a statistical thermodynamic approach to predict the hydrate formation pressure of the water + MVA containing 0.5 vol% CH 4 system. And their results suggest that enrichment of methane from MVA can be achieved using the hydratedbased gas separation method. Our recent experimental work has demonstrated the possibility of enriching methane from MVA [26] ; however, the required dosage of the tested hydrate promoter, tetra-butyl phosphonium bromide (TBPB), for effectively reducing the hydrate phase equilibrium pressure was high, at 37 wt%. Addition of thermodynamic promoters such as TBAB [27] , tetra-butyl ammonium nitrate (TBANO 3 ) [14] , TBPB [28] , tetra-amyl ammonium chloride (TAAC) [29] and TBPO [30] can, at a given temperature, allow CH 4 semi-clathrate hydrates to form at much lower pressure than N 2 semi-clathrate hydrates, suggesting that these promoters are potentially useful for hydrate-based capture of CH 4 from the MVA at proper thermodynamic conditions. In search of suitable and cost-effective low-dosage promoters for hydrate-based methane capture processes, this paper reports the pressure requirement for the hydrate formation of simulated MVA and its methane enrichment efficiency, with addition of TBPO or TBAB at three different initial loadings. The results obtained at relatively low dosage have important implications for hydrate-based methane capture technology development.
Experimental

Materials
TBAB (99% pure) and TBPO (95% pure) were purchased from Sigma-Aldrich.
Simulated ventilation air methane (0.5 vol% CH 4 + 99.5 vol% air) was obtained from Coregas. All of these materials were used as received. Deionized water was used to prepare the aqueous solutions of TBPO or TBAB.
Experimental Methods
Phase equilibrium measurement
A home-made non-visual 102 mL stainless steel cylindrical vessel was used to measure the thermodynamic stability conditions of MVA hydrates. Fig. 1 illustrates a schematic diagram of the apparatus, which is essentially the same as in our recent hydrate phase equilibrium studies [26, 30] . Briefly, the temperature inside the reactor can be controlled precisely at 0.1 K. A temperature sensor was inserted into the reactor to measure the temperature of the tested liquid or hydrate phase with an uncertainty of ± 0.03 K. A pressure transducer with accuracy of ± 0.01 MPa was used to measure the gas pressure inside the reactor. A magnetically driven stirrer with rotating speed of 600 rpm was used to agitate the test liquid. The experimental data were collected using a data acquisition system at 10 seconds intervals.
The high pressure reactor was cleaned, dried, and vacuumed prior to introduction of the test solution. The hydrate phase equilibrium measurements were performed at the temperature range of (277.61 to 295.54) K and pressure range of (0.23 to 19.11) MPa with using the isochoric equilibrium step-heating pressure search method, and more detailed information can be found elsewhere [26, 30] .
Gas composition analysis and gas uptake
A 362.5 mL stainless steel vessel (model BR300, Berghof) was used to prepare the samples from the hydrate phase and co-existing gas phase for gas composition analysis. It was also used to study the gas uptake of the hydrate by measuring the changes in gas pressure, with accuracy of ± 0.1 MPa. All the hydrate samples for gas composition analysis were formed from 75 ml test solutions agitated at 600 rpm at 278 K and initial pressure of 4 MPa.
The detailed experimental procedure is listed as following:
1) Prior to induction of the test gas, the reactor was degased with a vacuum pump for 10 minutes. More details on this vessel and the relevant experimental procedure can be found elsewhere [31] .
2) After a sufficiently long period for the hydrate formation to be complete (indicated by gas pressure having remained constant for more than 3 hours), samples of the co-existing vapor phase in the headspace were taken.
3) Then the vapor phase was completely evacuated from the reactor by using a vacuum pump (for around 30 seconds), before dissociation of the hydrate at elevated temperature.
4) The gas released from the hydrate phase was sampled using Tedlar gas sampling bags (0.5 liter, SKC). Prior to sampling, each gas sampling bag was vacuumed for 1 -2 minutes and flushed 3 -4 times using the gas to be sampled.
5) The gas composition of these samples was analyzed by a gas chromatograph
(GC, Shimazu model GC-2014), which is equipped with Alltech Washed Molesieve 5A 80/100 column, with ultra-high purity Argon used as carrier gas. For each gas sample, at least three GC readings were taken and their average was recorded.
Results and Discussion
Thermodynamic stability conditions
The reliability and accuracy of our experimental system was given in our recent studies [26, 30] , which showed excellent agreement between our phase equilibrium data of TBAB + H 2 O + N 2 or CH 4 and those reported by other research groups. In the present work, the phase equilibrium conditions of ventilation air methane hydrate and ventilation air methane + TBAB or TBPO semi-clathrate hydrate at 5 wt%, 15 wt% and 26 wt% are tabulated in Table 1 and plotted in Figures 2 and 3. Also plotted in these figures are the phase equilibrium conditions of air hydrate in the absence of chemical additives. At a given temperature, the MVA hydrate without chemical additives is thermodynamically more stable than air hydrate, which is consistent with the fact that CH 4 hydrate is thermodynamically more stable than N 2 and O 2 hydrates [26] . Pure methane forms structure I hydrate whereas pure nitrogen and oxygen form structure II hydrate [32] . The NMR spectroscopic studies by Lee et al. showed that the hydrate formed from gas mixture of N 2 and CH 4 at low CH 4 concentrations (up to 28.51 mol%) is in Structure I [22] . However, there is no information on the hydrate structure of methane + air and possible structure changes induced by varying methane concentration.
Figures 2 and 3 show that both TBAB and TBPO significantly reduced the
pressure requirement for forming MVA hydrate. With increasing the initial loading from 5 wt% to 26 wt%, the three phase (hydrate-liquid water-vapor) equilibrium curves of the MVA hydrate with TBAB had a pronounced shift to more thermodynamically stable area, in contrast to those of TBPO. That the pressure requirement for the formation of MVA hydrate with TBPO was not sensitive to the initial loading can be considered compelling for ensuring the operation smoothness of methane recovery from MVA. Figure 4 compares the difference between TBPO and TBAB in lowering the pressure requirement for MVA hydrate formation. At a given temperature and initial loading, the hydrates with TBPO had lower phase equilibrium pressure than those of TBAB. It is, therefore, suggested that TBPO is more effective than TBAB in reducing the hydrate equilibrium pressure of MVA. This result is consistent with the observed difference between CH 4 + TBPO and CH 4 + TBAB hydrates [30, 33] . Note also that with increasing the initial loading from 5 wt% to 26 wt%, the gap between the TBAB and TBPO curves became smaller as the pressure requirement for the formation of ventilation air methane hydrate was not sensitive to the initial TBPO loading but to the initial TBAB loading.
Methane Enrichment
GC was used to analyze the gas composition (CH 4 , N 2 , and O 2 content, on a water-free basis) of the hydrate phase formed from 5 wt% and 26 wt% TBAB/TBPO solutions. In the present work, the methane enrichment was simply defined as the ratio of the concentration of CH 4 in the hydrate phase to the concentration of CH 4 in the feed gas. The gas composition results shown in Tables 2 and 3 (see the original GC graphs in Figures 2S -4S ) suggest that CH 4 was enriched in the hydrate phase. Table 2 also shows that at 5 wt%, TBPO gave a better CH 4 enrichment (1.50 vol% CH 4 in the hydrate phase, a three-fold increase from 0.05 vol% CH 4 in the feed gas) compared to TBAB at the same initial loading. Table 3 shows that at 26 wt%, the CH 4 enrichment for TBPO and TBAB was close to each other. Increasing the initial loading of TBPO from 5 wt% to 26 wt% would reduce the methane enrichment in the hydrate phase from 300% to 190%. It is, therefore, suggested that separation of methane from MVA can be achieved by clathrate hydrate crystallization aided by TBPO at relatively low dosage. Figure 5 shows the gas uptake by the hydrate phase within five hours after the onset of hydrate formation. The experimental temperature and initial pressure were the same for TBAB and TBPO; presumably, the slightly difference in subcooling would have little impact on gas storage capacity. A larger pressure drop would indicate a higher gas uptake into the hydrate. For TBAB or TBPO, within the first 5 hours, the gas uptake into hydrate increased with increasing the initial reagent loading from 5 wt% to 26 wt%. At 5 wt%, the gas uptake into TBPO SCH was much higher than that of TBAB SCH whereas at 26 wt%, the difference diminished. It appears, therefore, that the impact of initial loading change on the gas uptake into hydrate phase would be smaller for TBPO compared to TBAB. Figure 5 also shows that addition of 26 wt% TBPO allowed the gas uptake to reach a Plateau within 10 minutes. It is likely that further increase in hydrate formation rate can be achieved by adding surfactants, spraying, gas bubbling, or other methods, which is, however, beyond the scope of the present work.
Gas Uptake
Advantages of TBPO Compared to Other Promoters
The results presented above concern only two promoters, TBPO and TBAB. It appears that TBPO outperforms TBAB in promoting MVA hydrate formation, in particular at relatively low dosage. It would be worthwhile to further compare TBPO with other promoters of MVA hydrates at 5 wt%, which is of interest to development of cost-effective processes for methane capture.
The only promoter for promoting MVA hydrate formation reported in the literature is TBPB [26] , including its effect on the thermodynamic stability conditions at various initial loadings and the methane enrichment of MVA hydrates at initial loading of 37.1 wt% TBPB (= 350%), corresponding to the lowest pressure requirement for MVA hydrate formation. Figure 6 compares the three-phase equilibrium condition, methane enrichment, and gas uptake of MVA hydrates in the presence of TBPO, TBAB, and TBPB, respectively, at a relatively low initial loading of 5 wt%. All the experiments for determining methane enrichment and gas uptake were carried out with 75 ml test solutions agitated at 600 rpm at 278 K and initial pressure of 4 MPa. At a given temperature, the effect of promoters on reducing the pressure requirement for MVA hydrate formation follows the order of TBPO > TBPB > TBAB (see Figure 6a ). Figure 6b shows that at 5 wt%, TBPO gave higher methane enrichment in the hydrate phase than TBAB and TBPB. As discussed in Section 3.2, increasing TBPO loading from 5 wt% to 26 wt% would reduce the CH 4 enrichment in hydrate phase from 300% to 190%. In contrast, a significant increase in the TBPB loading from 5 wt% to 37.1 wt% would increase the CH 4 enrichment in hydrate phase from 206% to 350% [26, 35] . The CH 4 enrichment achieved with TBPO at a relatively low dosage (e.g., 5 wt%) would be comparable to that of TBPB at a relatively high dosage (e.g., 37.1 wt%). Figure 6c shows that at 5 wt%, TBPO gave higher gas uptake than TBAB and TBPB did. The gas uptake obtained with 5 wt% TBPO (represented by the pressure drop of 0.238 MPa) was comparable to that of 37.1 wt% TBPB (represented by the pressure drop of 0.275 MPa) [35] . Gholinezhad [20] reported a rather low gas storage capacity for TBPO at 26 wt% and 5.2 MPa, in contrast to the higher gas storage capacity achieved with 37 wt% TBPB at 7.5 -13.5 MPa. In the present work, however, 26 wt% TBPO gave higher gas uptake than 37.1 wt% TBPB, which was obtained with the initial pressure being 4.0 MPa [35] . This discrepancy might be attributed to difference in hydrate structure between gas pressures above and below 6.5 MPa [30] .
Perspectives of and Implications for Methane Capture from Dilute Sources
The ultimate aim of the present work is to explore the possibility of developing a safe and cost-effective methane concentrator based on gas hydrate formation. The present work is an early-stage investigation with focus on chemical additives for concentrating CH 4 in mine ventilation air using gas hydrate crystallization. Compared to known hydrate promoter TBAB, the new promoter TBPO not only reduced the pressure requirement for MVA hydrate formation, but also significantly broadens the separation window.
Addition of TBPO allowed the pressure requirement for MVA hydrate formation to be comparable to that of hydrate-based CO 2 capture process. According to Ref [18] , the compression cost is the highest (from 50% to 80%) for CO 2 capture via hydrate crystallization. It is also recognized that nearly half of the total power consumption of all the compressors goes to the compression of the inlet gas. The high flow rate of mine ventilation air could be exploited to raise the inlet gas pressure, thus somehow reducing the compression cost. Further cost cut could be achieved if another additive that allows the hydrates to be formed at lower pressure can be found. It has been reported more recently that THF or TBAB reduces the incipient equilibrium pressure for CO 2 hydrate formation and a process has been described that involves three hydrate stages coupled with a membrane-based gas separation process at an operating pressure that is substantially less than the pressure required in the absence of THF, and compression costs were estimated to be reduced from 75 to 53% of the power produced for a typical 500 MW power plant [36] . The importance of this work lies in the use of additives to enhance and expand the range of application of clathrate hydrates, and points to possible new approaches for the design of suitable absorbents under milder conditions. The CH 4 concentration of mine ventilation air varies over time. It ranges typically from 0.1 vol% to 1.0 vol%. In the present work, we only tested a typical CH 4 concentration sitting in between the two concentration limits. Further research needs to done to understand the effect of CH 4 concentration variation on MVA hydrate formation. Compared to MVA at CH 4 concentration of 0.5 vol% CH 4 or lower, the hydrate formation for MVA at 1.0 vol% CH 4 or higher can be more readily formed since the equilibrium formation pressure of CH 4 hydrate is much lower than that of N 2 and O 2 hydrates at the same temperature. Therefore, much more efforts need to be made when CH 4 concentrations are below 0.5 vol%. Figure 7 illustrates the concept of the hydrate-based methane concentrator. As shown, one-step separation could result in CH 4 enrichment that meets the requirement for lean-burn methane utilization technologies, and the indicative condition for MVA hydrate formation in the presence of chemical additives (e.g. 5 wt% TBPO) is 8 degree Celsius with pressure being higher than 9 atm. A higher CH 4 concentration in the product gas can be achieved with multi-stage processes for concentrating methane in mine ventilation air. An advantage of the gas hydrate technology over the membrane and pressure swing adsorption methods includes high throughput and simplicity, which can be the bases for developing a cost-effective process. The hydrate technology is also considered safe as it operates at mild conditions well below the auto ignition temperature of methane. As the hydrate formation releases heat while the hydrate dissociation absorbs almost the same amount of heat, with using a heat exchanger little external heat is required for the process. Also, there is no need for pretreating the gases by removing the vapor moisture and particulate contaminations such as coal dust and limestone dust because foreign particles could beneficially speed up the hydrate-based process [37] . A hydrate-based methane separation process can have high regeneration performance with all chemicals fully recycled for re-use [38] . And the process can also act as a buffer to cope with variations in methane concentration and ventilation air flow for utilization of ventilation air. Such technological success would provide a pressurized product gas with much higher CH 4 concentration to ensure near full utilization of the ventilation air methane, with potentially higher recovery of methane from MVA if blended with drainage gas.
According to Ref [39] , reducing usage of methane from other sources and increase the proportion of the ventilation air would be beneficial.
Conclusions
The phase equilibrium conditions of clathrate hydrates formed from simulated ventilation air methane + aqueous solutions of TBAB or TBPO were measured in the temperature range of (277.61 to 295.54) K and pressure range of (0.23 to 19.11) MPa.
It was found that addition of TBAB or TBPO allowed the dissociation conditions of the ventilation air methane hydrate to shift to higher temperatures and lower pressures.
The clathrate hydrates of TBPO + simulated MVA are generally more stable thermodynamically than that of TBAB + MVA. At a given temperature, the equilibrium pressures of the hydrates decreased noticeably with increasing TBAB concentration but were indifferent to increase in TBPO concentration. It appears that a relatively low dosage of 5 wt% was efficient for TBPO to reduce the pressure requirement for MVA hydrate formation.
Gas composition analysis by gas chromatography also found that addition of 5 wt % TBPO allowed CH 4 to be preferentially incorporated into the hydrate phase, with the CH 4 enrichment being approximately 3-fold, and TBPO had higher enrichment of CH 4 in the hydrate phase than the same concentration of TBAB. At this relatively low loading, within a given period of 5 hours, TBPO also led to higher gas uptake than TBAB. Increasing the initial loading of either TBPO or TBAB would lead to higher gas uptake. Further comparison between TBPO and another promoter TBPB also found that TBPO performed better in reducing hydrate formation pressure requirement, increasing methane enrichment, and enhancing gas uptake. The results suggest that clathrate hydrate formation with TBPO as a promoter is promising for separating methane from MVA. 
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